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✐s ❝r❡❛t❡❞✱ t❤❡ ♥❛♠❡s ♦❢ t❤❡ tr❛♥s❢♦r♠❡❞ ❡❧❡♠❡♥ts ❛r❡ ✉s✉❛❧❧② ❡q✉❛❧ ♦r ✈❡r②
s✐♠✐❧❛r t♦ t❤❡ ♦♥❡s ♦❢ t❤❡ s♦✉r❝❡ ❡❧❡♠❡♥ts✱ ♠❛②❜❡ ✉s✐♥❣ ❞✐✛❡r❡♥t ♥❛♠✐♥❣ ❝♦♥✈❡♥✲
t✐♦♥s✳ ❆❧s♦✱ t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡t❛♠♦❞❡❧s ❛r❡ ❞✐✛❡r❡♥t ❜✉t ♦❢t❡♥ ♥❡✐❣❤❜♦rs ♦❢ ❛♥
❡❧❡♠❡♥t ✐♥ t❤❡ s♦✉r❝❡ ♠♦❞❡❧ ✭✉♥❞❡rst♦♦❞ ❛s t❤❡ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ t❤❡ ♠❡t❛♠♦❞❡❧✮
❛r❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ ♥❡✐❣❤❜♦rs ♦❢ t❤❡ tr❛♥s❢♦r♠❡❞ ❡❧❡♠❡♥t✳
■♥ t❤✐s ♣❛♣❡r✱ ❛❢t❡r t❤❡ ❝♦♥t❡①t ❞❡s❝r✐♣t✐♦♥ ✭❙❡❝t✐♦♥ ✷✮✱ ✇❡ ♣r♦♣♦s❡ ❛♥ ❛♣✲
♣r♦❛❝❤ ✭❙❡❝t✐♦♥ ✸✮✱ t❤❛t ❝♦♠❜✐♥❡s str✐♥❣ s✐♠✐❧❛r✐t② ❛♥❞ s❝❤❡♠❛ ♠❛t❝❤✐♥❣ t❡❝❤✲
♥✐q✉❡s t♦ ❛✉t♦♠❛t✐❝❛❧❧② r❡tr✐❡✈❡ t❤❡ ❧✐♥❦s ❣♦✐♥❣ ❢r♦♠ t❤❡ ❡❧❡♠❡♥ts ♦❢ ❛ s♦✉r❝❡
♠♦❞❡❧ t♦ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ ❡❧❡♠❡♥ts ✐♥ t❤❡ tr❛♥s❢♦r♠❡❞ ♠♦❞❡❧✳ ❚❤✐s ❛♣♣r♦❛❝❤
❤❡❧♣s t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ❞❡✈❡❧♦♣❡rs t♦ ❣❛t❤❡r tr❛♥s❢♦r♠❛t✐♦♥ ❡①❛♠♣❧❡s✱ ❛❧❧♦✇✲
✐♥❣ t❤❡♠ t♦ ❜❡♥❡✜t ❢r♦♠ t❤❡ ▼❚❇❊ ❛♣♣r♦❛❝❤❡s✳ ❲❡ ❞❡s❝r✐❜❡ ♦✉r t♦♦❧ ❛♥❞ ❝❛s❡
st✉❞② ✐♥ ❙❡❝t✐♦♥ ✹✳ ❘❡❧❛t❡❞ ✇♦r❦ ✐s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✱ ❛♥❞ ✇❡ ❝♦♥❝❧✉❞❡ ✐♥
❙❡❝t✐♦♥ ✻✳
✷ Pr♦❜❧❡♠ ❙t❛t❡♠❡♥t
❚❤❡ ▼❚❇❊ ♣r♦❝❡ss ❛✐♠s ❛t ✐♥❢❡rr✐♥❣ ❛ r✉❧❡✲❜❛s❡❞ tr❛♥s❢♦r♠❛t✐♦♥ ❢r♦♠ tr❛♥s✲
❢♦r♠❛t✐♦♥ ❡①❛♠♣❧❡s✳ ❆ ❝❧❛ss✐❝❛❧ ✈❡rs✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss ✐s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❧✳❤✳s
♦❢ ❋✐❣✉r❡ ✶✳ ❚❤❡ ✐♥♣✉t ♦❢ t❤❡ ♣r♦❝❡ss ✐s ❛ tr❛♥s❢♦r♠❛t✐♦♥ ❡①❛♠♣❧❡✱ ❞❡✜♥❡❞ ❜②
❛ s♦✉r❝❡ ♠♦❞❡❧✱ ❛ tr❛♥s❢♦r♠❡❞ ✭t❛r❣❡t✮ ♠♦❞❡❧ ❛♥❞ ♠❛t❝❤✐♥❣ ❧✐♥❦s ❜❡t✇❡❡♥ t❤❡
t✇♦ ♠♦❞❡❧s✳ ■t r❡s✉❧ts ✐♥t♦ tr❛♥s❢♦r♠❛t✐♦♥ r✉❧❡s✱ ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ ❡①❛♠♣❧❡✱ t❤❛t
❝❛♥ tr❛♥s❢♦r♠ ❛♥② ♠♦❞❡❧ ❝♦♥❢♦r♠✐♥❣ t♦ t❤❡ s♦✉r❝❡ ♠❡t❛♠♦❞❡❧ t♦ ❛ ♠♦❞❡❧ ❝♦♥✲
❢♦r♠✐♥❣ t♦ t❤❡ t❛r❣❡t ♠❡t❛♠♦❞❡❧✳ ❙❡✈❡r❛❧ ♣r♦♣♦s❛❧s ❢♦r t❤❡ ▼❚❇❊ ❡♥❣✐♥❡ ❝❛♥
❜❡ ✉s❡❞✱ ❡✳❣✳ ❬✹✱✺✱✻❪✳
❲❡ ✐❧❧✉str❛t❡ t❤✐s s❡❝t✐♦♥ ❛♥❞ t❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ✇✐t❤ ❛ ❝❧❛ss✐❝❛❧ ❡①❛♠♣❧❡ ♦❢
tr❛♥s❢♦r♠❛t✐♦♥ ❢r♦♠ ❯▼▲ ❝❧❛ss ♠♦❞❡❧ t♦ ❡♥t✐t②✲r❡❧❛t✐♦♥s❤✐♣ ♠♦❞❡❧✳ ❚❤❡ ✐♥♣✉t
✐s t❤✉s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❯▼▲ ♠♦❞❡❧✱ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ tr❛♥s❢♦r♠❡❞ ❡♥t✐t②✲
✷
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MetaModel
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MetaModel
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links
Transformation 
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(Transformation Example)
Source
MetaModel
Target
MetaModel
Matching
MetaModel
Source
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MTBE Engine
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Matching Engine
conformsTo
input/outputIcons: http://cathycreatif.free.fr/ http://www.mecaniqueindustrielle.com/
Simple MTBE process MTBE process including automated matching of examples
❋✐❣✳ ✶✳ ❚❤❡ ▼❚❇❊ ♣r♦❝❡ss✿ ❛ s✐♠♣❧❡ ✈✐❡✇ ✭❧✳❤✳s✮ ❛♥❞ ✐♥❝❧✉❞✐♥❣ ❛ss✐st❛♥❝❡ ❢♦r ♠❛t❝❤✐♥❣
✭r✳❤✳s✮
r❡❧❛t✐♦♥s❤✐♣ ♠♦❞❡❧✳ ❋✐❣✉r❡s ✷ ❛♥❞ ✸ ❣✐✈❡ t❤❡ ✉s❡❞ ♠❡t❛♠♦❞❡❧s ✭✐♥ ❡❝♦r❡ ❢♦r♠❛t✮
❢♦r ❯▼▲ ❝❧❛ss ❞✐❛❣r❛♠s ❛♥❞ ❡♥t✐t②✲r❡❧❛t✐♦♥s❤✐♣ ♠♦❞❡❧s✳
❋✐❣✳ ✷✳ ❆ ♠❡t❛♠♦❞❡❧ ❢♦r ❯▼▲ ❝❧❛ss ❞✐❛❣r❛♠s ✭❞r❛st✐❝ s✐♠♣❧✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❯▼▲ ♠❡t❛✲
♠♦❞❡❧✮
❚❤❡ ❝❤♦s❡♥ ❡①❛♠♣❧❡ ♠♦❞❡❧s ❧✐t❡r❛r② t❡①ts ✭♥♦✈❡❧s ♦r ♣♦❡tr②✮✱ ✇r✐tt❡♥ ❜②
✭❛♥❞ ✇✐t❤ ❛ ❢♦r❡✇♦r❞ ❢r♦♠✮ ❛✉t❤♦rs✳ ❊❛❝❤ t❡①t ❤❛s ♦♥❡ ♦r s❡✈❡r❛❧ st②❧❡s✳ ❚❤❡
❡①❛♠♣❧❡s ❛r❡ ❣✐✈❡♥ ✇✐t❤ ❝♦♥❝r❡t❡ s②♥t❛① ✐♥ ❋✐❣✉r❡s ✹ ❛♥❞ ✺✱ ❛♥❞ ❛♥ ❡①❝❡r♣t ✐s
❣✐✈❡♥ ✇✐t❤ ❛❜str❛❝t s②♥t❛① ✐♥ ❋✐❣✉r❡s ✻ ❛♥❞ ✼ ✭✐♥ t❤❡ ❢♦r♠ ♦❢ ❛♥ ✐♥st❛♥❝❡ ♦❢
t❤❡ ♠❡t❛♠♦❞❡❧s✮✳ ❚❤♦✉❣❤ ❧❡ss r❡❛❞❛❜❧❡✱ t❤❡ ❛❜str❛❝t s②♥t❛① ✐s t❤❡ ♦♥❡ ❛❝t✉❛❧❧②
✸
❋✐❣✳ ✸✳ ❆ ♠❡t❛♠♦❞❡❧ ❢♦r ❊♥t✐t②✲❘❡❧❛t✐♦♥s❤✐♣ ♠♦❞❡❧s
❤❛♥❞❧❡❞ ❜② t❤❡ t♦♦❧s✳ ❚❤❡ ♣r❡s❡♥t❡❞ ❡①❝❡r♣ts s❤♦✇ t❤❡ ❛✉t❤♦rs ✇r✐t✐♥❣ t❡①ts ❜✉t
❤✐❞❡ t❤❡ ♣♦❡tr②✱ t❤❡ st②❧❡✱ ❛♥❞ t❤❡ ❢❛❝t t❤❛t ❛✉t❤♦rs ✇r✐t❡ ❛ ❢♦r❡✇♦r❞ ❢♦r t❡①ts✳
❋✐❣✳ ✹✳ ❆♥ ❡①❛♠♣❧❡ ❯▼▲ ♠♦❞❡❧ ❢♦r t❤❡ ❯▼▲✷❊❘ tr❛♥s❢♦r♠❛t✐♦♥
❚❤❡ ❡①❛♠♣❧❡s ❛r❡ q✉✐t❡ ❡❛s② t♦ ❜✉✐❧❞✱ ♠♦r❡♦✈❡r t❤❡② ✇✐❧❧ ❜❡ ✉s❡❢✉❧ ❢♦r t❡st✐♥❣
♦r ❞♦❝✉♠❡♥t❛t✐♦♥ ♣✉r♣♦s❡s✳ ❍♦✇❡✈❡r✱ t♦ ❢❡❡❞ t❤❡ ▼❚❇❊ ♣r♦❝❡ss✱ t❤❡ tr❛♥s❢♦r✲
♠❛t✐♦♥ ❧✐♥❦s ❤❛✈❡ t♦ ❜❡ ❣✐✈❡♥✳ ❋♦r ❡①❛♠♣❧❡✱ ♦♥❡ ❤❛s t♦ s♣❡❝✐❢② t❤❛t t❤❡ ❆✉t❤♦r
❝❧❛ss ❢r♦♠ ❋✐❣✉r❡ ✹ ❤❛s t♦ ❜❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ t❤❡ ❆✉t❤♦r ❡♥t✐t② ❢r♦♠ ❋✐❣✉r❡
✺✱ ❛♥❞ t❤❛t t❤❡ ✐♥❤❡r✐t❛♥❝❡ ❧✐♥❦ ❢r♦♠ ◆♦✈❡❧ t♦ ❚❡①t ❤❛s t♦ ❜❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦
❛♥ ✐s❴❛ r❡❧❛t✐♦♥s❤✐♣ ✭❛♥❞ ✐♥ ❢❛❝t ✉s✐♥❣ t❤❡ ❛❜str❛❝t s②♥t❛① s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻
❛♥❞ ✼✿ t❤❡ ❣❡♥❡r❛❧✐③❛t✐♦♥ ❡❧❡♠❡♥t ❤❛s t♦ ❜❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ t❤❡ ✐s❴❛ r❡❧❛t✐♦♥✲
s❤✐♣ ❛♥❞ t❤❡ t✇♦ ❧✐♥❦❡❞ r♦❧❡s✮✳ ❚❤✐s ✐s ❛ t❡❞✐♦✉s t❛s❦✱ ❛♥❞ ♦♥❧② ❞❡❞✐❝❛t❡❞ t♦ t❤❡
▼❚❇❊ ♣r♦❝❡ss✳ ❖✉r ♣✉r♣♦s❡ ✐s t♦ ✉s❡ str✐♥❣ s✐♠✐❧❛r✐t② ❛♥❞ ❛❧✐❣♥♠❡♥t ♠❡t❤♦❞s
t♦ ❣❡♥❡r❛t❡ ♣❛rt ♦❢ t❤♦s❡ ❧✐♥❦s✳ ❚❤❡ r❡s✉❧t✐♥❣ ❛r❝❤✐t❡❝t✉r❡ ❢♦r t❤❡ ▼❚❇❊ ♣r♦❝❡ss
✐s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ r✳❤✳s ♦❢ ❋✐❣✉r❡ ✶✳ ❚❤❡ ❧✐♥❦s ❢r♦♠ t❤❡ s♦✉r❝❡ ♠♦❞❡❧ t♦ t❤❡
tr❛♥s❢♦r♠❡❞ ♠♦❞❡❧ ❛r❡ ♣❛rt❧② ❣❡♥❡r❛t❡❞ ❜② ❛ ♠❛t❝❤✐♥❣ ❡♥❣✐♥❡✳ ❚❤❡ ❣❡♥❡r❛t❡❞
✹
Author
firstName lastName
writes foreword for
writes Text
year
Style
Novel Poetry
title
(1,N)
(1,N)
(1,1)
(1,1)
(0,1) (0,1)
(1,1) (1,1)
(1,1) (0,N)
work
author
is a is a
has a
❋✐❣✳ ✺✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❊♥t✐t②✲r❡❧❛t✐♦♥ ♠♦❞❡❧ ❢♦r t❤❡ ❯▼▲✷❊❘ tr❛♥s❢♦r♠❛t✐♦♥
lastName:Property
name="lastName"
lowerBound=1
upperBound=1
Author:Class
name="Author"
firstName:Property
name="firstName"
lowerBound=1
upperBound=1
writes:AssociationClass
name="Writes"
year:Property
name="year"
lowerBound=1
upperBound=1
work:Property
name="work"
lowerBound=0
upperBound=-1
author:Property
name="author"
lowerBound=1
upperBound=-1
Novel:Class
name="Novel"
Style:Class
name="Style"
title:Property
name="title"
lowerBound=1
upperBound=1
Text:Class
name="Text"
g1:Generalization
has a:Association
name="has a"
style:Property
name="work"
lowerBound=1
upperBound=1
text:Property
name="text"
lowerBound=0
upperBound=-1
❋✐❣✳ ✻✳ ❊①❝❡r♣t ♦❢ t❤❡ ❯▼▲ ❡①❛♠♣❧❡ ✇✐t❤ ❛❜str❛❝t s②♥t❛①
lastName:Attribute
name="lastName"
Author:Entity
name="Author"
firstName:Attribute
name="firstName"
writes:Relationship
name="Writes"
year:Attribute
name="year"
work:Role
name="work"
author:Role
name="author"
Novel:Entity
name="Novel"
Style:Entity
name="Style"
title:Attribute
name="title"
Text:Entity
name="Text"
authorC:Cardinality
min=1
max=-1
isA1:Relationship
name="is a"
has a:Relationship
name="has a"
style:Role
name="work"
text:Role
name="text"
textC:Cardinality
min=0
max=-1
styleC:Cardinality
min=1
max=1
text1:Role
name="text"
text1C:Cardinality
min=1
max=1
novel:Role
name="novel"
novelC:Cardinality
min=0
max=1
workC:Cardinality
min=0
max=-1
❋✐❣✳ ✼✳ ❊①❝❡r♣t ♦❢ t❤❡ ❊❘ ❡①❛♠♣❧❡ ✇✐t❤ ❛❜str❛❝t s②♥t❛①
❧✐♥❦s ❛r❡ ❝❤❡❝❦❡❞ ❜② ❛♥ ❡①♣❡rt✳ ❚❤❡ ♠❛t❝❤✐♥❣ ❡♥❣✐♥❡ t❛❦❡s s♦✉r❝❡ ♠♦❞❡❧s ❛♥❞
t❛r❣❡t ✭tr❛♥s❢♦r♠❡❞✮ ♠♦❞❡❧s✱ ❛♥❞ ♣r♦✈✐❞❡s ❛ ❝❛♥❞✐❞❛t❡ ♠❛t❝❤✐♥❣ ♠♦❞❡❧ ✭♠❛t❝❤✲
✐♥❣ ❧✐♥❦s✮✳ ❚❤✐s ❝❛♥❞✐❞❛t❡ ♠❛t❝❤✐♥❣ ♠♦❞❡❧ ✐s ♣r♦♣♦s❡❞ t♦ ❛♥ ❡①♣❡rt ✇❤♦ ✈❛❧✐❞❛t❡s
❛♥❞ ✜①❡s t❤❡ ♠❛t❝❤✐♥❣ ♠♦❞❡❧✱ ♣r♦❞✉❝✐♥❣ t❤❡ ✈❛❧✐❞❛t❡❞ ♠❛t❝❤✐♥❣ ♠♦❞❡❧ ✇❤✐❝❤
❝♦♠♣♦s❡s ✭t♦❣❡t❤❡r ✇✐t❤ t❤❡ s♦✉r❝❡ ❛♥❞ t❛r❣❡t ♠♦❞❡❧✮ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ❡①✲
❛♠♣❧❡✳ ❖✉r ❛✐♠ ✐s t♦ ❛ss✐st t❤❡ ❞♦♠❛✐♥ ❡①♣❡rt ❛s ❢❛r ❛s ♣♦ss✐❜❧❡✱ ♣r♦✈✐❞✐♥❣ ❤✐♠
✇✐t❤ ❛♥ ✐♥✐t✐❛❧ ♠❛t❝❤✐♥❣ s♦❧✉t✐♦♥ ✇❤❡r❡ ♥❡❛r❧② ♦❜✈✐♦✉s ♠❛t❝❤❡s ❛r❡ ✐♥❝❧✉❞❡❞✳
❋♦r ❡①❛♠♣❧❡✱ ✇✐t❤ t❤❡ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❧✐t❡r❛r② t❡①ts✱ ✇❡ ❞✐s❝♦✈❡r ❛❧❧ t❤❡ ✏♦❜✈✐✲
♦✉s✑ ♠❛t❝❤✐♥❣s ✭t❤❡ ❝❧❛ss ❚❡①t ♠❛♣s t♦ t❤❡ ❡♥t✐t② ❚❡①t✱ t❤❡ ❢✐rst◆❛♠❡ ♣r♦♣❡rt②
✺
♠❛♣s t♦ t❤❡ ❢✐rst◆❛♠❡ ❛ttr✐❜✉t❡✱ ✳✳✳✮ ❛♥❞ ❛❧s♦ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ ♠❛♣♣✐♥❣s s✉❝❤
t❤❛t✿ t❤❡ ❣❡♥❡r❛❧✐③❛t✐♦♥ ❢r♦♠ ◆♦✈❡❧ t♦ ❚❡①t ♠❛♣s t♦ ❛♥ ✐s❴❛ r❡❧❛t✐♦♥s❤✐♣ ❛♥❞
t❤❡ t✇♦ r♦❧❡s t❡①t ❛♥❞ ♥♦✈❡❧✳ ❊✈❡♥ ✐❢ t❤❡ ❝♦♠♣❧❡t❡ ♠❛♣♣✐♥❣s ❛r❡ ♥♦t ❞✐s❝♦✈❡r❡❞
✭❛s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ❝❛s❡ st✉❞②✱ ✇❡ ❤❛✈❡ ❢♦r t❤❡ ❯▼▲✷❊❘ ❡①❛♠♣❧❡ ❛ ♣r❡❝✐s✐♦♥
♦❢ ✶✳✵ ❛♥❞ ❛ r❡❝❛❧❧ ♦❢ ✵✳✼✮✱ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❛ ♣❛rt✐❛❧ ♠❛♣♣✐♥❣ ✐s ❛ ✈❛❧✉❛❜❧❡ ❤❡❧♣
✐♥ ❛ ▼❚❇❊ ♣r♦❝❡ss✳
❚♦ s✉♠ ✉♣✱ ✇❡ st✉❞② ❛ ♠❛t❝❤✐♥❣ ♣r♦❜❧❡♠ t❤❛t ❝♦♥s✐❞❡rs t✇♦ ♠♦❞❡❧s t❤❛t
♦♥ ♦♥❡ ❤❛♥❞ ❝♦♠❡ ❢r♦♠ t✇♦ ❞✐✛❡r❡♥t ♠❡t❛♠♦❞❡❧s ✭♠❛②❜❡ ✈❡r② ❞✐✈❡r❣❡♥t✮✱ ✇✐t❤
r❡❧❛t✐♦♥s ❞✐✛❡r❡♥t❧② ♥❛♠❡❞ ❛♥❞ ♦r❣❛♥✐③❡❞❀ ❛♥❞ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞ ❝♦♥t❛✐♥ ❛ ❧❛r❣❡
s❡t ♦❢ ❝♦♠♠♦♥ ✉♥❞❡r❧②✐♥❣ ❡♥t✐t✐❡s ❛♥❞ ❛ ❧❛r❣❡ s❡t ♦❢ s✐♠✐❧❛r❧② ♥❛♠❡❞ ❡♥t✐t✐❡s✱
❞✉❡ t♦ t❤❡ ❝♦♠♠♦♥ ✉♥❞❡r❧②✐♥❣ ♥❛t✉r❛❧ s❡♠❛♥t✐❝s✳
✸ ❚❤❡ ♠♦❞❡❧ ♠❛t❝❤✐♥❣ ❆♣♣r♦❛❝❤
❚❤❡ ❧✐t❡r❛t✉r❡ ♦✛❡rs s❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s t♦ ❜✉✐❧❞ ❛ ♠❛t❝❤✐♥❣ ❜❡t✇❡❡♥ t✇♦ str✉❝✲
t✉r❡s ❬✽✱✾❪✳ ❉✉❡ t♦ t❤❡ s♣❡❝✐✜❝✐t✐❡s ♦❢ ♦✉r ♣r♦❜❧❡♠✱ ✇❡ ♣r♦♣♦s❡ ❛ t♦♦❧ ✐♥s♣✐r❡❞ ❜②
t❤❡ ❆♥❝❤♦r✲Pr♦♠♣t ❛♣♣r♦❛❝❤ ❬✶✵❪✳ ❚❤❡ ♦r✐❣✐♥❛❧ ❛♣♣r♦❛❝❤ ✐s ❛ t✇♦✲st❡♣ ♣r♦❝❡ss
❞❡s✐❣♥❡❞ t♦ ♠❛t❝❤ ♦♥t♦❧♦❣✐❡s✳ ❚❤❡ ✜rst st❡♣ ✐s t❤❡ ❞✐s❝♦✈❡r② ♦❢ ♠❛t❝❤❡s ✇✐t❤ ❛
❤✐❣❤ ❝♦♥✜❞❡♥❝❡ r❛t❡ ✭❛♥❝❤♦rs✮✱ ✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ♦♥❡ ♣r♦♣❛❣❛t❡s t❤♦s❡ ❛♥❝❤♦rs
s♦ ❛s t♦ ❞✐s❝♦✈❡r ♦t❤❡r ♠❛t❝❤✐♥❣s✳ ❖✉r ❛♣♣r♦❛❝❤ ❢♦❧❧♦✇s t❤❡ s❛♠❡ t✇♦ st❡♣s ❛♥❞
✐♠♣r♦✈❡s t❤❡ s❡❝♦♥❞✱ t❤❡② ❛r❡ ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✳
✸✳✶ ❆♥❝❤♦r ❞✐s❝♦✈❡r②
❚❤✐s ✜rst st❡♣ ❝♦♥s✐sts ✐♥ ✜♥❞✐♥❣ ♣❛✐rs ♦❢ ❛♥❝❤♦rs✱ ✐✳❡✳ ✐♥✐t✐❛❧ ♠❛t❝❤✐♥❣s✳ ❚❤❡
♦r✐❣✐♥❛❧ ❆♥❝❤♦r✲Pr♦♠♣t ❛♣♣r♦❛❝❤ ❞♦❡s ♥♦t s♣❡❝✐❢② ❛ ♣r♦❝❡ss t♦ ❞✐s❝♦✈❡r ♣❛✐rs
♦❢ ❛♥❝❤♦rs✳ ■♥ ♦✉r ❝❛s❡✱ t❤❡ t❛r❣❡t ♠♦❞❡❧ ✐s t❤❡ r❡s✉❧t ♦❢ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢
t❤❡ s♦✉r❝❡ ♠♦❞❡❧✱ ❛♥❞ t❤❡ ❡♥t✐t✐❡s ❛♥❞ t❤❡✐r ✈❛❧✉❡s✱ ❛r❡ ✈❡r② ❝❧♦s❡✳ ❆❧t❤♦✉❣❤ t❤❡
s♦✉r❝❡ ❛♥❞ t❛r❣❡t ♠❡t❛♠♦❞❡❧s ❛r❡ ❞✐✛❡r❡♥t✱ ✐t ✐s ❝♦♠♠♦♥ t❤❛t ♠♦❞❡❧ ❡♥t✐t✐❡s
❤❛✈❡ ❛♥ ✐❞❡♥t✐❢②✐♥❣ ❛ttr✐❜✉t❡ ✭s✉❝❤ ❛s t❤❡ ♥❛♠❡✮ ❛♥❞ t❤❛t t❤✐s ❛ttr✐❜✉t❡ ✈❛❧✉❡
❞♦❡s ♥♦t ❝❤❛♥❣❡ ♠✉❝❤ ❞✉r✐♥❣ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥✳ ■♥ ✈❛❧✉❡s✱ ✇❡ ❝❛♥ ❤❛✈❡ s❧✐❣❤t
✈❛r✐❛t✐♦♥s ❞✉❡ t♦ ♥❛♠✐♥❣ ❝♦♥✈❡♥t✐♦♥s✿ ♣r❡✜①❡s ♦r s✉✣①❡s ❝❛♥ ♦❢t❡♥ ❜❡ ❛❞❞❡❞✱
❜✉t ✐t ✐s ♠♦st❧② ✐♠♣r♦❜❛❜❧❡ t❤❛t ❜♦t❤ ❛ ♣r❡✜① ❛♥❞ ❛ s✉✣① ✐s ❛❞❞❡❞ s♦ ✇❡ ❛ss✉♠❡
t❤❛t t❤❡② ❛r❡ ♥♦t ✈❡r② ❞✐✛❡r❡♥t✳ ❆ ❤✐❣❤ ❝♦♥✜❞❡♥❝❡ r❛t❡ ✐s ♥❡❡❞❡❞ ❢♦r t❤✐s s✉❜s❡t
s✐♥❝❡ t❤❡ ♥❡①t st❡♣ str♦♥❣❧② ❞❡♣❡♥❞s ♦♥ t❤❡ q✉❛❧✐t② ♦❢ t❤♦s❡ ♣❛✐rs ♦❢ ❡❧❡♠❡♥ts✳
❚❤♦s❡ ♠❛t❝❤✐♥❣s ❝❛♥♥♦t ❜❡ ❞❡t❡❝t❡❞ ✉s✐♥❣ t②♣❡s✱ ❛s t❤❡ t✇♦ ♠♦❞❡❧s ♠❛② ❜❡
✐♥st❛♥❝❡s ♦❢ ❞✐✛❡r❡♥t ♠❡t❛♠♦❞❡❧s✱ t❤✉s ✇❡ ♥❡❡❞ t♦ r❡❧② ♦♥ s♦♠❡ ❛ttr✐❜✉t❡ ✈❛❧✉❡s
♦❢ t❤♦s❡ ❡❧❡♠❡♥ts✱ ❡✳❣✳ t❤❡ ❛ttr✐❜✉t❡ ♥❛♠❡ ♦❢ t❤❡ ❯▼▲ ♠❡t❛❝❧❛ss ◆❛♠❡❞❊❧❡♠❡♥t✱
t❤❛t ✇❡ ❛ss✉♠❡ t♦ r❡♠❛✐♥ ♥❡❛r❧② ✉♥❝❤❛♥❣❡❞ ❛❢t❡r tr❛♥s❢♦r♠❛t✐♦♥✳
▲❡t Attsrc ❛♥❞ Atttgt ❜❡ t❤❡ s❡ts ♦❢ ❛❧❧ t❤❡ ❛ttr✐❜✉t❡s ♦❢ ❛❧❧ t❤❡ ❡❧❡♠❡♥ts
r❡s♣❡❝t✐✈❡❧② ✐♥ t❤❡ s♦✉r❝❡ ❛♥❞ t❛r❣❡t ♠♦❞❡❧s✳ ▲❡t P = Attsrc ×Atttgt✳ ❲❡ ✇❛♥t
t♦ ❡①tr❛❝t M ⊂ P ✱ ❛ s❡t ♦❢ ❛ttr✐❜✉t❡ ♣❛✐rs ✈❛❧✐❞❛t✐♥❣ ❛ ♠❛t❝❤✐♥❣ t❡st✳ ❋r♦♠ t❤✐s
s❡t M ✇❡ ❣❡♥❡r❛t❡ ❛ s❡t ♦❢ ♣❛✐rs ♦❢ ❛♥❝❤♦rs A ❜② r❡♣❧❛❝✐♥❣ ❡❛❝❤ ❛ttr✐❜✉t❡ ✈❛❧✉❡
✐♥ t❤❡ ♣❛✐rs ♦❢ M ❜② t❤❡ ❡♥t✐t② ❝♦♥t❛✐♥✐♥❣ t❤✐s ✈❛❧✉❡✳ ❆ ❣❡♥❡r❛❧ ❛❧❣♦r✐t❤♠ ❢♦r
t❤❡ ❛♥❝❤♦r ❞✐s❝♦✈❡r② ✐s ❣✐✈❡♥ ✐♥ ▲✐st✐♥❣ ✽✳
❲❡ t❡st❡❞ s❡✈❡r❛❧ ♠❛t❝❤✐♥❣ ♦♣❡r❛t✐♦♥s ❛♥❞ ✇❡ ♣r❡s❡♥t ❤❡r❡ t❤❡ ♠♦st r❡❧❡✈❛♥t✿
✻
♣r♦❝ ❆♥❝❤♦r−❉✐s❝♦✈❡r② ✭ ■♥ ✿ ❆tt❙r❝ s ❡ t ♦ ❢ ❆tt r ✐❜✉t❡ ✈❛❧✉❡s ✱
❆tt❚❣t s ❡ t ♦ ❢ ❆tt r ✐❜✉t❡ ✈❛❧✉❡s ✱
❖✉t ✿ ❆ s ❡ t ♦ ❢ ❊♥t✐t② ♣❛ ✐ r s ✮
▼ ✿❂ ❆tt❙r❝ ① ❆tt❚❣t ❀
P ✿❂ ❡♠♣t② s ❡ t ❀
❆ ✿❂ ❡♠♣t② s ❡ t ❀
❢ ♦ r ♣❛ ✐ r ✐♥ ▼ ❞♦
✐ ❢ ♠❛t❝❤ ✭ ♣❛ ✐ r ✳ s♦✉r❝❡ ✱ ♣❛ ✐ r ✳ t ❛ r ❣ ❡ t ✮
t❤❡♥ P✳ ❛❞❞ ✭ ♣❛ ✐ r ✮ ❀
❢ ♦ r ♣❛ ✐ r ✐♥ P ❞♦
❆✳ ❛❞❞ ✭ ✭ ♣❛ ✐ r ✳ s♦✉r❝❡ ✳ ❡♥t ✐ t② ✱ ♣❛ ✐ r ✳ t ❛ r ❣ ❡ t ✳ ❡ ♥ t ✐ t ② ✮ ✮ ❀
❋✐❣✳ ✽✳ ●❡♥❡r❛❧ ♣r♦❝❡ss ♦❢ ❛♥❝❤♦r ❞✐s❝♦✈❡r②
✕ ❡q✉❛❧✐t②✿ t❤❡ ♠♦st ♦❜✈✐♦✉s ♠❛t❝❤✐♥❣ ♦♣❡r❛t✐♦♥ ✐s t❤❡ ❡q✉❛❧✐t②✳ ■❢ t✇♦ ❡❧✲
❡♠❡♥ts s❤❛r❡ ❡①❛❝t❧② t❤❡ s❛♠❡ ✈❛❧✉❡✱ t❤❡♥ t❤❡② ❛r❡ ❧✐❦❡❧② t♦ ❜❡ ♠❛t❝❤❡❞✳
❇✉t t❤✐s t❡st ✐s ✇♦rt❤❧❡ss ✐❢ ✇❡ ❞♦ ♥♦t ❝❤❡❝❦ t❤❡ ♦❝❝✉rr❡♥❝❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡
✈❛❧✉❡s ♠❛t❝❤❡❞✳ ■♥❞❡❡❞ ✐t ❛♣♣❡❛rs ✐♥ ♦✉r t❡sts t❤❛t s♦♠❡ ✈❛❧✉❡s ❛r❡ ♥♦t r❡❧✲
❡✈❛♥t✱ s✉❝❤ ❛s st❡r❡♦t②♣❡s ♦r ❝❛r❞✐♥❛❧✐t✐❡s ✐♥ ❝❧❛ss ❞✐❛❣r❛♠s✳ ❚❤✉s✱ ❛♥♦t❤❡r
❝♦♥❞✐t✐♦♥ ❢♦r t✇♦ ❛ttr✐❜✉t❡s t♦ ❜❡ ♠❛t❝❤❡❞ ✐s t❤❛t t❤❡✐r ✈❛❧✉❡ ❛♣♣❡❛rs ♦♥❝❡
❛♥❞ ♦♥❧② ♦♥❝❡ ✐♥ t❤❡ s♦✉r❝❡ ❛♥❞ t❛r❣❡t ♠♦❞❡❧s✳ ❚❤✐s ♠❛t❝❤✐♥❣ ♦♣❡r❛t✐♦♥
❛♣♣❡❛rs t♦ ❜❡ r❡❧✐❛❜❧❡ ❛s ✐t ❜r✐♥❣s ❛ ♣r❡❝✐s✐♦♥ ♦❢ ✶ ✐♥ ♠♦st ♦❢ ♦✉r t❡sts✳
✕ s✉❜str✐♥❣✿ t❤❡ ❞r❛✇❜❛❝❦ ♦❢ t❤❡ ♣r❡✈✐♦✉s ♦♣❡r❛t✐♦♥ ✐s t❤❛t ✐t ♠❛② ♣❛ss
t❤r♦✉❣❤ s✐♠♣❧❡ r❡♥❛♠✐♥❣ tr❛♥s❢♦r♠❛t✐♦♥s✱ t❤❛t ♠❛② ❛❞❞ ♦r ❞❡❧❡t❡ ❛ ♣r❡✲
✜① ♦r ❛ s✉✣①✳ ❚♦ t❛❝❦❧❡ t❤✐s ✐ss✉❡ ❛❢t❡r t❤❡ ❡q✉❛❧✐t② t❡st ✇❡ ❝❤❡❝❦✱ ✐❢ t❤❡
✈❛❧✉❡s ❛r❡ ❝❤❛r❛❝t❡r str✐♥❣s✱ ✐❢ ♦♥❡ ✈❛❧✉❡ ✐s ❛ s✉❜str✐♥❣ ♦❢ t❤❡ ♦t❤❡r✳ ❆s ✇✐t❤
t❤❡ ♣r❡✈✐♦✉s ♦♣❡r❛t✐♦♥✱ ✇❡ ♠✉st ❜❡ ❝❛✉t✐♦✉s ♦♥ t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts✱ ❛♥❞
❝❤❡❝❦ ✐❢ t❤❡ s✉❜str✐♥❣ ❡①✐sts ❛s ❛♥ ❛ttr✐❜✉t❡ ✈❛❧✉❡ ✐♥ t❤❡ ♠♦❞❡❧ t❤❛t ❝♦♥t❛✐♥s
t❤❡ ❧♦♥❣❡st str✐♥❣ ✈❛❧✉❡ ♦❢ t❤❡ ❝♦✉♣❧❡✳ ❚❤✐s ♠❡t❤♦❞ ✐s ♦♥❝❡ ❛❣❛✐♥ r❡❧✐❛❜❧❡ ✐♥
♠♦st ♦❢ t❤❡ ❝❛s❡s✱ ❛♥❞ ✐♥ ♦✉r t❡sts ✐t ❛❧✇❛②s ❣❛✈❡ ❛ ♣r❡❝✐s✐♦♥ ♦❢ ✶✳
❲❡ ❛❧s♦ ❡①♣❡r✐♠❡♥t❡❞ ✇✐t❤ ♦t❤❡r ♠❛t❝❤✐♥❣ ♦♣❡r❛t✐♦♥s t❤❛t ✉s❡ t❤❡ ❧♦♥❣❡st
❝♦♠♠♦♥ s✉❜str✐♥❣ ♦r t❤❡ ▲❡✈❡♥s❤t❡✐♥ ❞✐st❛♥❝❡✱ ❜✉t ♦✉r ❝♦♥t❡①t ✐♠♣❧✐❡s t❤❛t
✈❛❧✉❡s ✐♥ t❤❡ t❛r❣❡t ♠♦❞❡❧ r❡♠❛✐♥ r❡❛❧❧② ❝❧♦s❡ t♦ ✈❛❧✉❡s ❢r♦♠ t❤❡ s♦✉r❝❡ ♠♦❞❡❧✱
❡✈❡♥ ❝❛♣✐t❛❧ ♦r ❧♦✇❡r❝❛s❡ ❧❡tt❡rs ❛r❡ ✐♠♣♦rt❛♥t✳ ❚♦ ✜♥❞ ❤✐❣❤❧② r❡❧✐❛❜❧❡ ♠❛t❝❤✐♥❣s
✇❡ ❝❛♥♥♦t ❛✛♦r❞ t♦ ✉s❡ ❞✐st❛♥❝❡ ♠❡t❤♦❞s t❤❛t ♠❛② ❧♦✇❡r t❤❡ ♣r❡❝✐s✐♦♥ ♦❢ t❤❡
♠❛t❝❤✐♥❣s✳
❆t t❤❡ ❡♥❞ ♦❢ t❤✐s st❡♣✱ ❢♦r ♦✉r ❡①❛♠♣❧❡✱ A ✐♥❝❧✉❞❡s✱ ❛♠♦♥❣ ♦t❤❡rs✱ t❤❡ ♣❛✐rs ♦❢
❛♥❝❤♦rs (❚❡①t✿❈❧❛ss, ❚❡①t✿❊♥t✐t②) ♦r (❤❛s ❛✿❆ss♦❝✐❛t✐♦♥, ❤❛s ❛✿❘❡❧❛t✐♦♥s❤✐♣)✳
✸✳✷ ❆♥❝❤♦r ♣r♦♣❛❣❛t✐♦♥
❈♦♥s✐❞❡r✐♥❣ t❤❡ ❛♥❝❤♦rs ❛s ❛ ♥❡❛r❧② ❝♦rr❡❝t ♠❛t❝❤✱ ✇❡ ♣r♦♣❛❣❛t❡ t❤✐s ✐♥❢♦r♠❛✲
t✐♦♥ ♦♥ ♣❛t❤s ♦✉t❣♦✐♥❣ ❢r♦♠ ❛♥ ❛♥❝❤♦r ❛♥❞ ❧❡❛❞✐♥❣ t♦ ❛♥♦t❤❡r ❝❧♦s❡ ❛♥❝❤♦r t♦
❞✐s❝♦✈❡r ♦t❤❡r ♣♦t❡♥t✐❛❧ ♠❛t❝❤❡s✳ ■♥❞❡❡❞✱ ✇❡ ❛ss✉♠❡ t❤❛t ♦♥ ❛ ♣❛t❤ ❜❡t✇❡❡♥ t✇♦
❛♥❝❤♦rs✱ ❡✈❡♥ ✐❢ t❤❡ ♠❡t❛♠♦❞❡❧s ❛r❡ ❞✐✛❡r❡♥t✱ ✇❤❡♥ ❛♥ ❡♥t✐t② e ✐s ❝❧♦s❡ t♦ ❛♥♦t❤❡r
❡♥t✐t② f ✐♥ t❤❡ s♦✉r❝❡ ♠♦❞❡❧✱ ✐t ✐s ❧✐❦❡❧② t❤❛t t❤❡ ❡♥t✐t② ✇❤✐❝❤ r❡s✉❧ts ❢r♦♠ t❤❡
tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ e ✐s ❝❧♦s❡ t♦ t❤❡ ❡♥t✐t② ✇❤✐❝❤ r❡s✉❧ts ❢r♦♠ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥
✼
♦❢ f ✳ ❉✉❡ t♦ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ♠❡t❛♠♦❞❡❧s✱ t❤❡ ♣❛t❤ ❜❡t✇❡❡♥ t❤❡ t✇♦
❡♥t✐t✐❡s ✐s ❧✐❦❡❧② t♦ ❜❡ ❞✐✛❡r❡♥t❧② ❧❛❜❡❧❡❞✳ ❚❤❡ ♣r♦❝❡ss ❝❛♥♥♦t ❜❡ ❝♦rr❡❝t ✐♥ ❛❧❧
t❤❡ ❝❛s❡s✱ ❜❡❝❛✉s❡ ❞✉r✐♥❣ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ s♦♠❡ ❡❧❡♠❡♥ts ❝❛♥ ❜❡ r❡♠♦✈❡❞ ♦r
❛❞❞❡❞✱ ❜✉t ✐t ✐s ❧✐❦❡❧② t♦ ♣r♦❞✉❝❡ ♠❛♥② ❝♦rr❡❝t ♠❛t❝❤❡s✳
❙♦✉r❝❡ ❛♥❞ t❛r❣❡t ♠♦❞❡❧s ♠❛② ❜❡ s❡❡♥ ❛s t✇♦ ❧❛❜❡❧❡❞ ❣r❛♣❤s Gsrc ❛♥❞ Gtgt✱
✐♥ ✇❤✐❝❤ ❛ ♥♦❞❡ r❡♣r❡s❡♥ts ❛♥ ✐♥st❛♥❝❡ ♦❢ ❛ ❝❧❛ss ❢r♦♠ t❤❡ ♠❡t❛♠♦❞❡❧✱ ❛♥❞ ❛♥
❡❞❣❡ r❡♣r❡s❡♥ts ❛♥ ❛ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ ❝❧❛ss ✐♥st❛♥❝❡s ✭❝❢✳ ❣r❛♣❤s ✐♥ ❋✐❣✉r❡s ✻
❛♥❞ ✼✮✳ ❲❡ ❡♥✉♠❡r❛t❡ ❢r♦♠ t❤❡ t✇♦ ❣r❛♣❤s ❛❧❧ t❤❡ ♣❛t❤s ❝♦♥♥❡❝t✐♥❣ t✇♦ ❛♥❝❤♦rs
❛♥❞ ✇❤♦s❡ ❧❡♥❣t❤ ✐s ❧❡ss t❤❛♥ ❛ ❝♦♥st❛♥t α✳
❲❡ ❛❧✐❣♥ t❤❡ ♥♦❞❡s ❢r♦♠ ❛ ♣❛t❤ ❜❡t✇❡❡♥ t✇♦ ❛♥❝❤♦rs a1 ❛♥❞ a2 ♦❢ Gsrc
✇✐t❤ t❤❡ ♥♦❞❡s ❢r♦♠ ❛ ♣❛t❤ ❜❡t✇❡❡♥ t❤❡ ❛♥❝❤♦rs a′1 ❛♥❞ a
′
2 ✐❢ (a1, a
′
1) ∈ A ❛♥❞
(a2, a
′
2) ∈ A✳ ❋♦r ❡①❛♠♣❧❡ ✇❡ ✇✐❧❧ ❛❧✐❣♥ ❛ ♣❛t❤ ❜❡t✇❡❡♥ ❚❡①t✿❈❧❛ss ❛♥❞ ❤❛s
❛✿❆ss♦❝✐❛t✐♦♥ ✇✐t❤ ❛ ♣❛t❤ ❜❡t✇❡❡♥ ❚❡①t✿❊♥t✐t② ❛♥❞ ❤❛s ❛✿❘❡❧❛t✐♦♥s❤✐♣✳
❖♥❡ ❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ❆♥❝❤♦r✲Pr♦♠♣t ❛♣♣r♦❛❝❤ ✐s ✐♥ t❤❡ ❛❧✐❣♥♠❡♥t ♦❢
♣❛t❤s ✇✐t❤ ❞✐✛❡r❡♥t ❧❡♥❣t❤s✱ ❢♦r ✇❤✐❝❤ ❆♥❝❤♦r✲Pr♦♠♣t ♦♥❧② ❛❧✐❣♥s ♣❛✐rs ♦❢ ♣❛t❤s
♦❢ ✐❞❡♥t✐❝❛❧ ❧❡♥❣t❤✳ ❚❤✐s ✇❛② t❤❡ ♦r✐❣✐♥❛❧ ❛♣♣r♦❛❝❤ ❧❡❛❞s t♦ ♠❛t❝❤ ❡❧❡♠❡♥ts t❤❛t
❛r❡ ♦♥ t❤❡ s❛♠❡ ♣♦s✐t✐♦♥ ♦♥ t❤❡ ♣❛t❤✳ ▼♦r❡ ❣❡♥❡r❛❧❧②✱ ✐♥ ♦✉r ❛♣♣r♦❛❝❤✱ ✇❤❡♥
❛❧✐❣♥✐♥❣ t✇♦ ♣❛t❤s✱ ✇❡ ❝♦♥s✐❞❡r ❡❛❝❤ ♣❛✐r ♦❢ ♥♦❞❡s ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✾✱ ❜✉t ♥♦t
✇✐t❤ t❤❡ s❛♠❡ ✇❡✐❣❤t✿ ✇❡ ❛r❡ ❣✐✈✐♥❣ t❤❡ ♠❛①✐♠✉♠ ✇❡✐❣❤t t♦ ♣❛✐rs ♦❢ ♥♦❞❡s t❤❛t
❛r❡ ✐♥ t❤❡ s❛♠❡ ♣♦s✐t✐♦♥ r❡❧❛t✐✈❡❧② t♦ ❡❛❝❤ ♥♦❞❡✬s ♣❛t❤ ❧❡♥❣t❤✳
▲❡t X ❛♥❞ Y ❜❡ t✇♦ ❧✐sts ♦❢ ♥♦❞❡s✱ r❡s♣❡❝t✐✈❡❧② ❢r♦♠ Gsrc ❛♥❞ Gtgt ❛♥❞
r❡♣r❡s❡♥t✐♥❣ t✇♦ ♣❛t❤s t♦ ❜❡ ❛❧✐❣♥❡❞✳ X ❛♥❞ Y ❛r❡ st❛rt✐♥❣ ❜② t✇♦ ❛♥❝❤♦rs t❤❛t
❛r❡ ♠❛t❝❤❡❞ t♦❣❡t❤❡r✳ ▲❡t x ∈ X ❛♥❞ y ∈ Y ✳ index(x) ❛♥❞ index(y) ❛r❡ t❤❡
♣♦s✐t✐♦♥ ♦❢ t❤❡ ♥♦❞❡s ✐♥ t❤❡ ❧✐st st❛rt✐♥❣ ❢r♦♠ ✶✳ ❚❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ♣❛✐r (x, y) ✐s
❞❡✜♥❡❞ ❜②✿
W (x, y) = 1−
∣
∣
∣
∣
index(x)
length(X) + 1
−
index(y)
length(Y ) + 1
∣
∣
∣
∣
❋♦r ✐♥st❛♥❝❡✱W (x1, y1) = 1−
∣
∣ 1
6 −
1
4
∣
∣ = 0.92 ❛♥❞W (x1, y2) = 1−
∣
∣ 1
6 −
2
4
∣
∣ = 0.67✱
s❤♦✇✐♥❣ t❤❛t x1 ✐s ♠♦r❡ ❧✐❦❡❧② t♦ ♠❛t❝❤ ✇✐t❤ y1 r❛t❤❡r t❤❛♥ ✇✐t❤ y2✳
x3 x4 x5
y3
x1 x2 a2
y2y1
a1 Gsrc
Gtgt
length : 5
length : 7
a2a1
X
Y ' '
❋✐❣✳ ✾✳ ❆❧✐❣♥✐♥❣ t✇♦ ♣❛t❤s
✽
❲❡ ❛❧✐❣♥ ❡❛❝❤ ♣❛✐r ♦❢ ♣❛t❤s ✇❤♦s❡ ❡①tr❡♠✐t✐❡s ❛r❡ ❛♥❝❤♦rs✱ ✐♥❝r❡♠❡♥t✐♥❣ t❤❡
s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥t ♦❢ ❛ ♣❛✐r ♦❢ ❡❧❡♠❡♥ts ❡❛❝❤ t✐♠❡ t❤❡ ❡❧❡♠❡♥ts ❛♣♣❡❛r ✐♥ t✇♦
♣❛t❤s t♦ ❜❡ ❛❧✐❣♥❡❞✳ ❚❤❡ ✐♥❝r❡♠❡♥t ✐s ❝♦♠♣✉t❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡
♣❛✐r✳
❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ♣r♦❝❡ss ✇❡ ❤❛✈❡ ❛ s❡t ♦❢ ♥♦❞❡ ♣❛✐rs ✇✐t❤ s✐♠✐❧❛r✐t② ❝♦❡❢✲
✜❝✐❡♥ts✳ ❚❤❡ s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥ts ❤❛✈❡ ♥♦ ♠❡❛♥✐♥❣ ✐❢ ❝♦♠♣❛r❡❞ ❣❧♦❜❛❧❧②✳ ■❢ ❛
♥♦❞❡ ❛♣♣❡❛rs ♦♥❧② ✐♥ ♦♥❡ ♣❛t❤ ❜❡t✇❡❡♥ t✇♦ ❛♥❝❤♦rs✱ t❤❡♥ ❛❧❧ t❤❡ ♣❛✐rs ❝♦♥t❛✐♥✲
✐♥❣ t❤✐s ♥♦❞❡ ✇✐❧❧ ❤❛✈❡ ❛ s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥t t❤❛t ♠❛② ❜❡ ❧♦✇❡r t❤❛♥ ♦♥❡s ✇✐t❤
♥♦❞❡s ❛♣♣❡❛r✐♥❣ ✐♥ ♠❛♥② ♣❛t❤s ❜❡t✇❡❡♥ t✇♦ ❛♥❝❤♦rs✱ ♠❛❦✐♥❣ ❞✐✣❝✉❧t t♦ ❞❡❝✐❞❡
✇❤✐❝❤ ♣❛✐rs ❛r❡ ✐♠♣♦rt❛♥t✳ ❍♦✇❡✈❡r✱ ❝♦♠♣❛r✐♥❣ t❤❡ s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥ts ♦❢ ❛❧❧
t❤❡ ♣❛✐rs ❝♦♥t❛✐♥✐♥❣ ♦♥❡ ♥♦❞❡ ✐s ♠♦r❡ ♠❡❛♥✐♥❣❢✉❧✳ ■♥❞❡❡❞✱ t❤❡ ♣❛✐r ✇✐t❤ t❤❡
❤✐❣❤❡st s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥t ✐s ♠♦r❡ ❧✐❦❡❧② t♦ ❜❡ ❛ ♠❛t❝❤✐♥❣✱ s♦ ❛❧❧ t❤❡ s✐♠✐❧❛r✐t②
❝♦❡✣❝✐❡♥ts ♦❢ t❤✐s ♥♦❞❡ s❤♦✉❧❞ ❜❡ ❝♦♠♣❛r❡❞ r❡❧❛t✐✈❡ t♦ ✐t✳
❋✐❣✉r❡ ✶✵ s❤♦✇s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ♦❜❥❡❝t ♦❢ ♥❛♠❡ ✏t❡①t✑ ❛♥❞ t②♣❡ Pr♦♣❡rt②
✐♥ ♦✉r ❡①❛♠♣❧❡ ❤♦✇ ✐t ✐s ❞❡❞✉❝❡❞ t❤❛t ✐ts ♠❛t❝❤✐♥❣ ❡❧❡♠❡♥t ✐♥ t❤❡ t❛r❣❡t ♠♦❞❡❧
✐s t❤❡ ♦❜❥❡❝t ♦❢ ♥❛♠❡ ✏t❡①t✑ ♦❢ t②♣❡ ❘♦❧❡ ❛tt❛❝❤❡❞ t♦ t❤❡ ❘❡❧❛t✐♦♥❙❤✐♣ ♥❛♠❡❞
✏❤❛s❛✑✳ ❲❡ s❡❡ t❤❛t ❢♦r ❛❧❧ t❤❡ ♠❛t❝❤✐♥❣ ❧✐♥❦s ❝♦♥t❛✐♥✐♥❣ t❤❡ Pr♦♣❡rt② ✏t❡①t✑✱
t❤❡ ❤✐❣❤❡st s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥t ✐s ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❘♦❧❡ ✏t❡①t✑✱ ❛♥❞ ♥♦♥❡ ♦❢
t❤❡ ♦t❤❡r ♠❛t❝❤✐♥❣ ❧✐♥❦s ♣❛ss ♦✈❡r ❛ t❤r❡s❤♦❧❞ t❤❛t✱ ❛❢t❡r s♦♠❡ ❡①♣❡r✐♠❡♥ts✱ ✇❡
✜①❡❞ ❛t ✽✵✪ ♦❢ t❤❡ ❤✐❣❤❡st ✈❛❧✉❡ ❢♦r ❛♥ ♦❜❥❡❝t✳ ❚❤❡ s❛♠❡ ♣r✐♥❝✐♣❧❡ ❝❛♥ ❜❡ ✉s❡❞
s②♠♠❡tr✐❝❛❧❧② ❢♦r t❤❡ ❘♦❧❡ ✏t❡①t✑ t❤❛t ✈❛❧✐❞❛t❡s t❤❡ ❝❤♦✐❝❡ ♦❢ t❤✐s ♠❛t❝❤✐♥❣✳
1.5
1.5
14.25
11
1.5 
10.25
27Property
"text"
Role
"text"
Relationship
"Hasa"
Property
"forewordWritten"
Property
"style"
Class
"Text"
Relationship
"Hasa"
Role
"style"
❋✐❣✳ ✶✵✳ ❋✐❧t❡r✐♥❣ ♦❢ t❤❡ s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥t
✹ ❈❛s❡ st✉❞②
❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤ ♦✉r ❛♣♣r♦❛❝❤✳ ❲❡
♣r❡s❡♥t t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s❡❞ t♦ r✉♥ t❤❡ ❡①♣❡r✐♠❡♥t❛t✐♦♥✱ t❤❡♥ t❤❡ ❡①♣❡r✐✲
♠❡♥t❛❧ ♣r♦t♦❝♦❧ ❛♥❞ ❞❛t❛✱ ❛♥❞ t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ✇✐t❤ t❤❡✐r ✐♥t❡r♣r❡t❛t✐♦♥✳
✾
✹✳✶ ❚♦♦❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥
❆ t♦♦❧ ❝❛❧❧❡❞ ▼❆◆❉❆❘■◆❊✻ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❛♣♣r♦❛❝❤ ❞❡✲
s❝r✐❜❡❞ ❛❜♦✈❡✱ ✇✐t❤ t❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ ✐♠♣r♦✈✐♥❣ ▼❚❇❊ ♣r♦❝❡ss❡s✳ ■t ❤❛s ❜❡❡♥
❞❡s✐❣♥❡❞ t♦ ❜❡ ❡✣❝✐❡♥t❧② ✐♥t❡❣r❛t❡❞ ✇✐t❤ t❤❡ ❛♣♣r♦❛❝❤ ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✶❪ ❜② ✉s✐♥❣
❛ ♣❛rt ♦❢ ✐ts ♠❡t❛♠♦❞❡❧ ❜✉t ✐t ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ ❛s ❛ st❛♥❞❛❧♦♥❡ t♦♦❧ ❢♦r ❛♥ ✐♥t❡✲
❣r❛t✐♦♥ ✇✐t❤ ❛♥♦t❤❡r ❛♣♣r♦❛❝❤✳ ■t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❊❝❧✐♣s❡ ▼♦❞❡❧✐♥❣ ❋r❛♠❡✇♦r❦✱
❛s ✐t ✐s ❛ ♠♦❞❡❧✐♥❣ ❢❛❝✐❧✐t② ✇✐❞❡❧② ❛❞♦♣t❡❞ ❜② t❤❡ ▼❉❊ ❝♦♠♠✉♥✐t②✱ ❛♥❞ ❤❛s ❜❡❡♥
✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❏❆❱❆✳
❚❤❡ t♦♦❧ t❛❦❡s ❛s ✐♥♣✉t t❤❡ s♦✉r❝❡ ❛♥❞ t❛r❣❡t ❡①❛♠♣❧❡ ♠♦❞❡❧s ♦❢ t❤❡ tr❛♥s✲
❢♦r♠❛t✐♦♥ ❛♥❞ r❡t✉r♥s t❤❡ ❝♦♠♣✉t❡❞ ♠❛t❝❤✐♥❣s ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧s ❛s ❛ ♠♦❞❡❧
❝♦♥❢♦r♠✐♥❣ t♦ ▼❛t❝❤✐♥❣ ▼♦❞❡❧✱ t❤❡ ♠❡t❛♠♦❞❡❧ ❞❡s❝r✐❜❡❞ ✐♥ ❋✐❣✉r❡ ✶✷✳ ❚❤✐s
♠❡t❛♠♦❞❡❧ ✐s ❛❧s♦ ✉s❡❞ t♦ ❞❡s❝r✐❜❡ t❤❡ ✐♥♣✉t ♦❢ t❤❡ ▼❚❇❊ ♣r♦❝❡ss ❢r♦♠ ❬✶✶❪✳
❚❡❝❤♥✐❝❛❧❧②✱ t❤❡ ♦♥❧② r❡q✉✐r❡♠❡♥t ❢♦r t❤❡ ✐♥♣✉t ♠♦❞❡❧s ✐s t❤❛t t❤❡② ♠✉st ❜❡
r❡❝♦❣♥✐③❡❞ ❜② ❊▼❋ ❛s ✐♥st❛♥❝❡s ♦❢ ❛♥ ❊❝♦r❡ ▼♦❞❡❧✳
❆♥ ✐♥❢♦r♠❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ t♦♦❧ ✐s ♣r♦✈✐❞❡❞ ✐♥
❋✐❣✉r❡ ✶✶✳ ❚❤❡ ♣r♦❝❡ss ♦❢ ♠❛t❝❤✐♥❣ ✐s s♣❧✐t ✐♥ t✇♦ ❞✐st✐♥❝t st❡♣s✿ t❤❡ ✜rst ♦♥❡
✐♠♣❧❡♠❡♥ts t❤❡ ❛♥❝❤♦r ❞✐s❝♦✈❡r② ♣r♦❝❡ss ❢r♦♠ s❡❝t✐♦♥ ✸✳✶ ✇✐t❤ t❤❡ ❛❜✐❧✐t② t♦
❝❤♦♦s❡ t❤❡ ♠❛t❝❤✐♥❣ ♦♣❡r❛t✐♦♥ ❜❡t✇❡❡♥ ❛ttr✐❜✉t❡s✳ ❚❤✐s st❡♣ r❡t✉r♥s ❛ ▼❛t❝❤✐♥❣
▼♦❞❡❧ ❛s ❛ r❡s✉❧t✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ✐♠♣❧❡♠❡♥ts ♦✉r ❛❞❛♣t❛t✐♦♥ ♦❢ ❆♥❝❤♦r✲Pr♦♠♣t
❢r♦♠ s❡❝t✐♦♥ ✸✳✷✱ ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠ ❧❡♥❣t❤ ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ ♣❛t❤s ❛♥❞ t❤❡
t❤r❡s❤♦❧❞ ❢♦r ✜❧t❡r✐♥❣ t❤❡ s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥ts ♠❛② ❜❡ ♣❛ss❡❞ ❛s ✐♥♣✉t ✇✐t❤ ❛
▼❛t❝❤✐♥❣ ▼♦❞❡❧✳ ❆❧t❤♦✉❣❤ t❤❡ t✇♦ ♣r♦❝❡ss❡s ❛r❡ ❞❡s✐❣♥❡❞ t♦ ❜❡ ❧❛✉♥❝❤❡❞ ♦♥❡
❛❢t❡r ❛♥♦t❤❡r✱ t❤❡② ❛r❡ ✐♥❞❡♣❡♥❞❡♥t❧② ✐♠♣❧❡♠❡♥t❡❞ t♦ ❛❧❧♦✇ ✢❡①✐❜✐❧✐t② ♦❢ ✉s❡ ❛♥❞
❢✉rt❤❡r ❡✈♦❧✉t✐♦♥✳
❚❤❡ ▼❛t❝❤✐♥❣ ❊✈❛❧✉❛t✐♦♥ t♦♦❧ ✐s t❤❡ ✐♥❢r❛str✉❝t✉r❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❞✐s❝♦✈❡r❡❞
♠❛t❝❤✐♥❣s ❛❣❛✐♥st ❛♥ ❡①♣❡rt ♠❛t❝❤✐♥❣s✱ ✐t ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳
✹✳✷ ❚❡st✐♥❣ ♣r♦t♦❝♦❧ ❛♥❞ ♠❡tr✐❝s
❆s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ t♦♦❧ ♣r❡✈✐♦✉s❧② ❞❡s❝r✐❜❡❞✱ ✇❡ ❞❡s✐❣♥❡❞ ❛ t❡st✐♥❣ ♣❧❛t❢♦r♠
♣r❡s❡♥t❡❞ ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ ❋✐❣✉r❡ ✶✶✳ ❚❤✐s ♣❧❛t❢♦r♠ t❛❦❡s ❛s ✐♥♣✉t t✇♦
♠❛t❝❤✐♥❣ ♠♦❞❡❧s✱ ♦♥❡ ❝r❡❛t❡❞ ❜② ❛♥ ❡①♣❡rt t❤❛t ❣✐✈❡s ❛ r❡❢❡r❡♥❝❡ r❡s✉❧t ❛♥❞
t❤❛t ✇❡ ✇✐❧❧ r❡❢❡r t♦ ❛s Aexpert✱ ❛♥❞ ❛♥♦t❤❡r ♦♥❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♠♣✉t❡❞ t❤❛t
✇✐❧❧ ❜❡ ❝❛❧❧❡❞ Aauto ❛♥❞ ♦❢ ✇❤✐❝❤ ✇❡ ✇❛♥t t♦ ♠❡❛s✉r❡ t❤❡ q✉❛❧✐t②✳ ❚❤♦s❡ t✇♦
♠♦❞❡❧s ❛r❡ t❤❡♥ ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♠♣❛r❡❞ ❛❝❝♦r❞✐♥❣ t♦ s❡✈❡r❛❧ ♠❡tr✐❝s✳ ▼♦❞❡❧
♠❛t❝❤✐♥❣ ❜❡✐♥❣ s✐♠✐❧❛r ✇✐t❤ s❝❤❡♠❛ ♠❛t❝❤✐♥❣ ♦r ♦♥t♦❧♦❣② ♠❛t❝❤✐♥❣✱ ✇❡ ♣r♦♣♦s❡
❤❡r❡ t♦ ✉s❡ ♠❡tr✐❝s ❢r♦♠ t❤♦s❡ ❧❛st t✇♦ ❞♦♠❛✐♥s✳ ❲❡ ✇✐❧❧ ❡s♣❡❝✐❛❧❧② r❡❢❡r t♦ t❤❡
♠❡tr✐❝s ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✷❪✿ ♣r❡❝✐s✐♦♥✱ r❡❝❛❧❧ ❛♥❞ ♦✈❡r❛❧❧✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✇❡ ✇✐❧❧
✉s❡ Apositives = Aauto ∩ Aexpert ❛s t❤❡ s❡t ♦❢ ♠❛t❝❤✐♥❣ ❧✐♥❦s t❤❛t ❛r❡ ♣r❡s❡♥t ✐♥
❜♦t❤ ❡①♣❡rt ❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ♦❜t❛✐♥❡❞ ♠❛t❝❤✐♥❣s ✭s❡❡ ❋✐❣✉r❡ ✶✸✮✳
Pr❡❝✐s✐♦♥ ❚❤❡ ♣r❡❝✐s✐♦♥ ❝❛❧❝✉❧❛t❡s t❤❡ r❛t✐♦ ♦❢ ❝♦rr❡❝t ♠❛t❝❤✐♥❣s ✐♥ Aauto ♦✈❡r
t❤❡ s✐③❡ ♦❢ Aauto✳ ❚❤❡r❡❢♦r❡ t❤✐s ♠❡tr✐❝ ❞❡♣❡♥❞s ♦♥ t❤❡ q✉❛♥t✐t② ♦❢ ❜❛❞ ♠❛t❝❤✐♥❣s
✻ ▼♦❞❡❧ ❆❧✐❣◆❡♠❡♥t ❉✐ss❡♠✐♥❛t✐♥❣ ❆tt❘✐❜✉t❡ ■◆st❛♥❝❡s ❊q✉✐✈❛❧❡♥❝❡s
✶✵
Source
MetaModel
Target
MetaModel
Matching
MetaModel
Source
Model
Target
Model
Candidate Matching
Model
Matching Engine
Anchor list
Model
Anchor Discovery Anchor Propagation
Matching Evaluation
Metrics
Ecore
conformsTo
input/output
Icons: http://cathycreatif.free.fr/ http://www.mecaniqueindustrielle.com/
Expert
Expert Matching
Model
❋✐❣✳ ✶✶✳ ❆♥ ❛r❝❤✐t❡❝t✉r❡ ❢♦r t❤❡ ❛♥❝❤♦r✲❜❛s❡❞ ♠❛t❝❤✐♥❣ t♦♦❧
❋✐❣✳ ✶✷✳ ▼❡t❛♠♦❞❡❧ ❞❡s❝r✐❜✐♥❣ t❤❡ ♠❛t❝❤✐♥❣ ✉s❡❞ ✐♥ ♦✉r t♦♦❧
Apositives
Aauto Aexpert
❋✐❣✳ ✶✸✳ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ ♠❛t❝❤✐♥❣ ❝♦♠♣❛r✐s♦♥
✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ❛♣♣r♦❛❝❤✳ ■t ✐s ❛ r❛t✐♦♥❛❧ ♥✉♠❜❡r ❣♦✐♥❣ ❢r♦♠ ✵ ✭✐❢ ❛❧❧ t❤❡
♦❜t❛✐♥❡❞ ♠❛t❝❤✐♥❣s ❛r❡ ✇r♦♥❣✮ t♦ ✶ ✭✐❢ t❤❡r❡ ❛r❡ ♥♦ ✇r♦♥❣ ♠❛t❝❤✐♥❣s ❛t ❛❧❧ ✐✳❡✳
Aauto ⊆ Aexpert✮✳ ■t ✐s ❝❛❧❝✉❧❛t❡❞ ❜② t❤❡ ❢♦r♠✉❧❛✿ precision =
|Apositives|
|Aauto|
❘❡❝❛❧❧ ❚❤❡ r❡❝❛❧❧ ❝❛❧❝✉❧❛t❡s t❤❡ r❛t✐♦ ♦❢ ❝♦rr❡❝t ♠❛t❝❤✐♥❣s ✐♥ Aauto ♦✈❡r t❤❡ ♥✉♠✲
❜❡r ♦❢ ❝♦rr❡❝t ♠❛t❝❤✐♥❣s✱ ✐✳❡✳ t❤❡ s✐③❡ ♦❢ Aexpert✳ ❚❤❡r❡❢♦r❡ t❤✐s ♠❡tr✐❝ ❞❡♣❡♥❞s
✶✶
♦♥ t❤❡ q✉❛♥t✐t② ♦❢ ♠❛t❝❤✐♥❣s ❢r♦♠ Aexpert ♠✐ss❡❞ ❜② t❤❡ ❛♣♣r♦❛❝❤✳ ■t ✐s ❛ r❛t✐♦✲
♥❛❧ ♥✉♠❜❡r ❣♦✐♥❣ ❢r♦♠ ✵ ✭✐❢ t❤❡r❡ ❛r❡ ♥♦ ♠❛t❝❤✐♥❣s ❢r♦♠ Aexpert ✐♥ Aauto✮ t♦ ✶
✭✐❢ ❛❧❧ t❤❡ ♠❛t❝❤✐♥❣s ❢r♦♠ Aexpert ❤❛✈❡ ❜❡❡♥ ❞✐s❝♦✈❡r❡❞✱ ✐✳❡ ✐❢ Aexpert ⊆ Aauto✮✳
■t ✐s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛✿ recall =
|Apositives|
|Aexpert|
❖✈❡r❛❧❧ ❚❤❡ ♦✈❡r❛❧❧ ❝♦♠❜✐♥❡s ♣r❡❝✐s✐♦♥ ❛♥❞ r❡❝❛❧❧ t♦ q✉❛♥t✐❢② t❤❡ ♥❡❡❞❡❞ ❡✛♦rt
t♦ ❣♦ ❢r♦♠ Aauto t♦ Aexpert✱ r❡❧❛t✐✈❡❧② t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ❡①♣❡rt ♠♦❞❡❧✳ ■t ✐s ❛
r❛t✐♦♥❛❧ ♥✉♠❜❡r ❜♦✉♥❞❡❞ ❜❡t✇❡❡♥ −∞ ❛♥❞ ✶✳ ❖✈❡r❛❧❧ ✐s ✶ ✐❢ precision = recall✱
❛♥❞ ✵ ✐❢ t❤❡ ♥✉♠❜❡r ♦❢ ✇r♦♥❣ ♠❛t❝❤✐♥❣s ✐♥ Aauto ❛❞❞❡❞ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ♠✐ss✐♥❣
♠❛t❝❤✐♥❣s ✐s ❡q✉❛❧ t♦ t❤❡ s✐③❡ ♦❢ Aexpert✳ ■❢ t❤✐s ♥✉♠❜❡r ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ s✐③❡
♦❢ Aexpert t❤❡♥ ♦✈❡r❛❧❧ ✐s ❛ ♥❡❣❛t✐✈❡ ♥✉♠❜❡r✳ ■t ✐s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣
❢♦r♠✉❧❛✿ overall = 1−
(|Aauto|−|Apositives|)+(|Aexpert|−|Apositives|)
|Aexpert|
✹✳✸ ❉❛t❛
❲❡ ♣r♦♣♦s❡ ❤❡r❡ t♦ ✈❛❧✐❞❛t❡ ♦✉r ❛♣♣r♦❛❝❤ ❜② ❛♣♣❧②✐♥❣ ✐t ♦♥ ✷✷ ♠♦❞❡❧ tr❛♥s❢♦r✲
♠❛t✐♦♥s✼✳ ❚❤❡ ❞❛t❛ ✉s❡❞ ❢♦r t❤✐s ❝❛s❡ st✉❞② ❝♦♠❡s ❢r♦♠ s❡✈❡r❛❧ s♦✉r❝❡s✿ ❤♦♠❡
♠❛❞❡ tr❛♥s❢♦r♠❛t✐♦♥s✱ ❯▼▲ r❡❢❛❝t♦r✐♥❣s ❬✶✸❪ ❛♥❞ tr❛♥s❢♦r♠❛t✐♦♥s ❢r♦♠ t❤❡ ❆❚▲
③♦♦ ♦❢ tr❛♥s❢♦r♠❛t✐♦♥s ❬✶✹❪✳ ■♥ t❤❡ ❧❛tt❡r ❝❛s❡✱ t❤❡ ♠♦❞❡❧s ✉s❡❞ ❛s ❡①❛♠♣❧❡s ❛r❡
❣✐✈❡♥ ✇✐t❤ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥✳
✹✳✹ ❘❡s✉❧ts
 0
 0.2
 0.4
 0.6
 0.8
 1
delegation1
IntroducingInterface
IntroducePrimaryKey
hideDelegate
EliminateRedundantInheritance
delegation2
EquivalenceAttributesAssociations
extractClass
Disaggregation
Book2Publication
Families2Persons
uml-er-iccs
uml-er3
uml-er
uml-er2
UML2ClassDiagramToKM3
Ecore2Class
JavaSource2Table
KM32EMF
associations-persons
KM32Problem
emf2km3
precision anchor discovery
precision anchor discovery + propagation
❋✐❣✳ ✶✹✳ Pr❡❝✐s✐♦♥ ♠❡❛s✉r❡❞ ♦♥ t❤❡ ❝❛s❡ st✉❞②
✶✷
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IntroducePrimaryKey
hideDelegate
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delegation2
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extractClass
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Book2Publication
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uml-er
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recall anchor discovery + propagation
❋✐❣✳ ✶✺✳ ❘❡❝❛❧❧ ♠❡❛s✉r❡❞ ♦♥ t❤❡ ❝❛s❡ st✉❞②
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 1
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IntroducingInterface
IntroducePrimaryKey
hideDelegate
EliminateRedundantInheritance
delegation2
EquivalenceAttributesAssociations
extractClass
Disaggregation
Book2Publication
Families2Persons
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uml-er3
uml-er
uml-er2
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overall anchor discovery
overall anchor discovery + propagation
❋✐❣✳ ✶✻✳ ❖✈❡r❛❧❧ ♠❡❛s✉r❡❞ ♦♥ t❤❡ ❝❛s❡ st✉❞②
❚❤❡ ❡✈❛❧✉❛t✐♦♥ ♣r♦❣r❛♠ ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞ t✇✐❝❡ ❢♦r ❡❛❝❤ tr❛♥s❢♦r♠❛t✐♦♥✱ ✜rst
t♦ ❡✈❛❧✉❛t❡ t❤❡ ❛♥❝❤♦r ❞✐s❝♦✈❡r② r❡s✉❧t ❛♥❞ t❤❡♥ t❤❡ ✇❤♦❧❡ ♣r♦❝❡ss r❡s✉❧t✳ Pr❡✲
❝✐s✐♦♥ ❛♥❞ r❡❝❛❧❧ ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ✐♥ ❡❛❝❤ ❝❛s❡✱ ❛♥❞ t❤❡ ♦✈❡r❛❧❧ ❤❛s ❜❡❡♥
❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡♠✳ ❋✐❣✉r❡s ✶✹✱ ✶✺✱ ❛♥❞ ✶✻ ♣r❡s❡♥t t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts✳ ❋♦r
t❤❡ ❛♥❝❤♦r ❞✐s❝♦✈❡r② st❡♣✱ ✇❡ ♦♥❧② s❤♦✇ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ s✉❜str✐♥❣
✼ ❚❤❡ ❞❡t❛✐❧ ♦❢ ❛❧❧ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥s ✐s ❣✐✈❡♥ ❛t✿
❤tt♣✿✴✴✇✇✇✳❧✐r♠♠✳❢r✴✪✼❊♥❡❜✉t✴P✉❜❧✐❝❛t✐♦♥s✴❆rt✐❝❧❡❙✉♣♣❧❡♠❡♥ts✴❊❈▼❋❆✷✵✶✶✴❡①❛♠♣❧❡s✲❝❛s❡st✉❞②✳❤t♠❧ ✳
✶✸
s✐♠✐❧❛r✐t② ♠❡tr✐❝s✱ s✐♥❝❡ ✐t ✐s t❤❡ ♦♥❡ ❣✐✈✐♥❣ t❤❡ ❜❡st r❡s✉❧ts✳ ❲❡ ❝❛♥ s❡❡ ✐♥ ❋✐❣✲
✉r❡ ✶✹ t❤❛t t❤❡ ♣r❡❝✐s✐♦♥ ♦❜t❛✐♥❡❞ ✐s ❣♦♦❞✱ ✇✐t❤ ❛ ✈❛❧✉❡ ♦❢ ✶ ✐♥ ♠❛♥② ❝❛s❡s✱
❡s♣❡❝✐❛❧❧② ❢♦r t❤❡ ❛♥❝❤♦r ❞✐s❝♦✈❡r② ♣r♦❝❡ss✳ ■t ❡♥❢♦r❝❡s ♦✉r ❤②♣♦t❤❡s✐s t❤❛t t❤❡
❛♥❝❤♦r ❞✐s❝♦✈❡r② r❡s✉❧t ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s r❡❧✐❛❜❧❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡
r❡❝❛❧❧ ✈❛❧✉❡s ❛r❡ ♥♦t ❛s ❣♦♦❞✱ ❜✉t t❤✐s ✇❛s ❡①♣❡❝t❡❞ ❛s ♦✉r ❛♣♣r♦❛❝❤ ✐♥t❡♥❞s t♦
❛ss✐st t❤❡ ♠❛t❝❤✐♥❣ ❝r❡❛t✐♦♥ ❛♥❞ ♥♦t t♦ ❝♦♠♣❧❡t❡❧② ❛✉t♦♠❛t❡ ✐t✳ ■t s♦♠❡t✐♠❡s
♦❝❝✉rs t❤❛t ❢♦r ❛ s❛♠❡ tr❛♥s❢♦r♠❛t✐♦♥✱ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ t❤❡ ❛♥❝❤♦rs ❞❡❣r❛❞❡s
t❤❡ ♣r❡❝✐s✐♦♥✱ ✇❤✐❧❡ ♥♦t ✐♥❝r❡❛s✐♥❣ t❤❡ r❡❝❛❧❧✳ ❚❤❛t s❤♦✇s t❤❛t t❤✐s st❡♣ ❝♦✉❧❞
❜❡ ❡♥❤❛♥❝❡❞❀ ✇❛②s t♦ ❡♥❤❛♥❝❡ t❤✐s st❡♣ ❛r❡ ❣✐✈❡♥ ✐♥ ❝♦♥❝❧✉s✐♦♥✳ ■t ❝❛♥ ❛❧s♦ ❜❡
s❡❡♥ t❤❛t ♦♥❡ ♦❢ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❣✐✈✐♥❣ ♥♦ r❡s✉❧ts ❛t ❛❧❧✳ ❚❤✐s tr❛♥s❢♦r♠❛✲
t✐♦♥✱ ♥❛♠❡❞ ❏❛✈❛❙♦✉r❝❡✷❚❛❜❧❡ ✐s ❛♥ ❡①tr❛❝t✐♦♥ ♦❢ st❛t✐st✐❝s ❢r♦♠ ❛ ❏❛✈❛ ♣r♦❣r❛♠
❛♥❞ t❤❡r❡❢♦r❡ ❞♦❡s ♥♦t ❦❡❡♣ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ s♦✉r❝❡ ♠♦❞❡❧ ❛t ❛❧❧ ❞✉r✐♥❣ t❤❡
tr❛♥s❢♦r♠❛t✐♦♥✳
❚❤❡ ♦✈❡r❛❧❧ ✈❛❧✉❡s ❛r❡ ❛❧❧ ♣♦s✐t✐✈❡s✱ ♠❡❛♥✐♥❣ t❤❛t ✐❢ ✇❡ ❝♦♥s✐❞❡r ❛❞❞✐♥❣ ♦r
r❡♠♦✈✐♥❣ ❛ ♠❛t❝❤ ❛s ❛♥ ❛t♦♠✐❝ ♦♣❡r❛t✐♦♥ ✇✐t❤ t❤❡ s❛♠❡ ❝♦st✱ t❤❡♥ ✐♥ ❡❛❝❤ ❝❛s❡
♦✉r ❛♣♣r♦❛❝❤ ✐s ❞❡❝r❡❛s✐♥❣ t❤❡ ❝♦st ♦❢ ♠❛t❝❤✐♥❣ t✇♦ ♠♦❞❡❧s ❝♦♠♣❧❡t❡❧② ❜② ❤❛♥❞✱
✐♥ ♠❛♥② ❝❛s❡s ❜② ❤❛❧❢ ♦r ♠♦r❡✳ ❍♦✇❡✈❡r✱ ✇✐t❤ t❤❡ ❣♦♦❞ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r t❤❡
♣r❡❝✐s✐♦♥✱ t❤❡ ❝♦rr❡❝t✐♦♥ ♦♣❡r❛t✐♦♥s ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♠♦❞❡❧ ❛r❡ ♠❛✐♥❧② ❛❞❞✐♥❣
♦♣❡r❛t✐♦♥s✳
✺ ❘❡❧❛t❡❞ ✇♦r❦
❆✉t♦♠❛t✐♥❣ t❤❡ ❞✐s❝♦✈❡r② ♦❢ ♠❛♣♣✐♥❣s ❜❡t✇❡❡♥ ❞❛t❛❜❛s❡ ❛♥❞ ❳▼▲ s❝❤❡♠❛s✱
♦♥t♦❧♦❣✐❡s✱ ♦r ✭♠❡t❛✮♠♦❞❡❧s ❤❛s ❜❡❡♥ t❤♦r♦✉❣❤❧② ✐♥✈❡st✐❣❛t❡❞✳ ❲❡ ❡♥❝♦✉r❛❣❡
t❤❡ r❡❛❞❡r t♦ r❡❢❡r t♦ ❬✽❪ ♦r ❬✾❪ ❢♦r ❛♥ ✐♥✲❞❡♣t❤ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❡①✐st✐♥❣ ✇♦r❦✳
▼♦st ♦❢ t❤❡ ♠❛✐♥ ❛♣♣r♦❛❝❤❡s s✉❝❤ ❛s ❬✶✺✱✶✻✱✶✼✱✶✽✱✶✾❪ ♠❛❦❡ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t
t❤❡ r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ t✇♦ ♠♦❞❡❧s ❜❡✐♥❣ ❝♦♠♣❛r❡❞ ❛r❡ ✐❞❡♥t✐❝❛❧✳ ❚❤❡ ❜❛s✐❝
✐❞❡❛ ❡①♣❧♦✐t❡❞ ❜② t❤❡s❡ ❛♣♣r♦❛❝❤❡s ✐s t♦ ❝♦♠♣✉t❡ ✜rst ❛ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ t❤❡
❡❧❡♠❡♥ts ✉s✐♥❣ t❤❡✐r ♥❛♠❡s✱ ❛♥❞ t♦ ❝♦♠♣✉t❡ t❤❡♥ ❛ s✐♠✐❧❛r✐t② ✉s✐♥❣ t❤❡ str✉❝✲
t✉r❡✳ ❚♦ ❝♦♠♣✉t❡ t❤✐s s❡❝♦♥❞ ❦✐♥❞ ♦❢ s✐♠✐❧❛r✐t②✱ t❤❡② ❛ss✉♠❡ t❤❛t t❤❡ r❡❧❛t✐♦♥s
❜❡t✇❡❡♥ t❤❡ ❡❧❡♠❡♥ts ❤❛✈❡ t❤❡ s❛♠❡ ❦✐♥❞ ✐♥ t❤❡ t✇♦ ❝♦♠♣❛r❡❞ ♠♦❞❡❧s✳ ■♥ t❤❡
▼❉❊ t❡r♠✐♥♦❧♦❣②✱ ✐t ❝♦✉❧❞ ❜❡ tr❛♥s❧❛t❡❞ ❛s✿ t❤❡ ♠♦❞❡❧s ❜❡✐♥❣ ❝♦♠♣❛r❡❞ ❤❛✈❡ t❤❡
s❛♠❡ ♠❡t❛✲♠♦❞❡❧✳ ■♥ ♦✉r ❝❛s❡ t❤❡ ♠♦❞❡❧s ❜❡✐♥❣ ❝♦♠♣❛r❡❞ ❝♦♥❢♦r♠ t♦ t✇♦ ❞✐❢✲
❢❡r❡♥t ♠❡t❛✲♠♦❞❡❧s✳ ❚❤❡r❡❢♦r❡✱ ❛ str❛✐❣❤t❢♦r✇❛r❞ ✉s❡ ♦❢ ♦♥❡ ♦❢ t❤❡s❡ t❡❝❤♥✐q✉❡s
♠❛② ♥♦t ❡①♣❧♦✐t ❛❧❧ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤♦s❡ ❛♣♣r♦❛❝❤❡s✳ ■♥ ❬✷✵❪✱ t❤❡② ✉s❡ ✭❛♠♦♥❣
♦t❤❡r s✐♠✐❧❛r✐t② ❝❛❧❝✉❧❛t✐♦♥s✮ t❤❡ s✐♠✐❧❛r✐t② ✢♦♦❞✐♥❣ ✭❬✶✺❪✮ ❛♥❞ t❤❡② ❝♦♥str✉❝t
❛❞❡q✉❛t❡ ♣r♦♣❛❣❛t✐♦♥ ♠♦❞❡❧s t❤❛t ❝❛♣t✉r❡ t❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ r❡❧❛t✐♦♥s❤✐♣s✳
❚❤❡s❡ ♣r♦♣❛❣❛t✐♦♥ ♠♦❞❡❧s ❛r❡ ♥❡✈❡rt❤❡❧❡ss s♣❡❝✐✜❝ t♦ t❤❡ st✉❞✐❡❞ ♠❡t❛✲♠♦❞❡❧s
✭❛♥❞ t❤❡✐r ♠❡t❛✲♠❡t❛✲♠♦❞❡❧✭s✮✮ ❛♥❞ ❛r❡ ❞❡s✐❣♥❡❞ ❜② ❛♥ ❡①♣❡rt✳
▼♦r❡♦✈❡r✱ ♦✉r ❛❧✐❣♥♠❡♥t ♣r♦❜❧❡♠ ❤❛s t✇♦ ❝❤❛r❛❝t❡r✐st✐❝s t♦ ❡①♣❧♦✐t✿ s✐♥❝❡
t❤❡ s♦✉r❝❡ ❛♥❞ t❛r❣❡t ♠♦❞❡❧s ❛r❡ s✉♣♣♦s❡❞ t♦ ❜❡ ✇r✐tt❡♥ ❜② t❤❡ s❛♠❡ ♣❡rs♦♥✱
t❤❡ ✐❞❡♥t✐✜❡rs ❛♥❞ ♥❛♠❡s ❛r❡ ✈❡r② ❧✐❦❡❧② t♦ ❜❡ ♥❡❛r❧② ✐❞❡♥t✐❝❛❧✳ ❙❡❝♦♥❞✱ s✐♥❝❡ t❤❡
t❛r❣❡t ♠♦❞❡❧ r❡s✉❧ts ❢r♦♠ ❛ tr❛♥s❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ s♦✉r❝❡ ♠♦❞❡❧ ✭t❤✐s ✐s ❛ ♠❛✐♥
❞✐✛❡r❡♥❝❡ ✇✐t❤ ❛♣♣r♦❛❝❤❡s t❤❛t st✉❞② t❤❡ ♠❡t❛✲♠♦❞❡❧ ♠❛t❝❤✐♥❣✮✱ t❤❡ str✉❝t✉r❡s
♦❢ t❤❡ t✇♦ ♠♦❞❡❧s ❛r❡ s✉♣♣♦s❡❞ ♥♦t t♦ ❜❡ r❛❞✐❝❛❧❧② ❞✐✛❡r❡♥t ♦♥❡ ❢r♦♠ t❤❡ ♦t❤❡r✳
✶✹
❚❤❛t ✐s ✇❤② ✇❡ ❛❞❛♣t❡❞ ❛♥♦t❤❡r ❦✐♥❞ ♦❢ ❛♣♣r♦❛❝❤ ❬✶✵❪✳ ■♥❞❡❡❞✱ ❞✉❡ t♦ t❤❡ ✜rst
❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ♣r♦❜❧❡♠✱ t❤❡ ❛♥❝❤♦rs s❤♦✉❧❞ ❜❡ ❡❛s② t♦ ❞❡t❡❝t✱ ❛♥❞ ❞✉❡ t♦
t❤❡ s❡❝♦♥❞ ❝❤❛r❛❝t❡r✐st✐❝✱ t❤❡ ♠❛♣♣✐♥❣ ❛❧❣♦r✐t❤♠ ❡①♣❧♦✐t✐♥❣ t❤❡ ❛♥❝❤♦rs s❤♦✉❧❞
❜❡ ❡✣❝✐❡♥t✳
❈♦♥❝❡r♥✐♥❣ t❤❡ ❝♦♥t❡①t ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ♦✉r ♠❛t❝❤✐♥❣ ❛♣♣r♦❛❝❤ ✭♠♦❞❡❧
tr❛♥s❢♦r♠❛t✐♦♥ ❜② ❡①❛♠♣❧❡✮✱ s❡✈❡r❛❧ ♣r♦♣♦s❛❧s ❬✷✶✱✺✱✻✱✼❪ ❛✐♠ ❛t ✐♥❢❡rr✐♥❣ t❤❡ r✉❧❡s
♦❢ ❛ tr❛♥s❢♦r♠❛t✐♦♥ ♦r ✐ts r❡s✉❧t ✉s✐♥❣ ❛ s❡t ♦❢ ❡①❛♠♣❧❡s✳ ■♥ ❛❧❧ t❤❡s❡ ❛♣♣r♦❛❝❤❡s✱
❛♥ ❡①❛♠♣❧❡ ❝♦♥s✐sts ❛t ❧❡❛st ♦❢ ❛ s♦✉r❝❡ ♠♦❞❡❧✱ ❛ tr❛♥s❢♦r♠❡❞ ♠♦❞❡❧✱ ❛♥❞ t❤❡
❧✐♥❦s ❜❡t✇❡❡♥ t❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡s❡ t✇♦ ♠♦❞❡❧s✳ ◆♦♥❡ ♦❢ t❤♦s❡ ❛♣♣r♦❛❝❤❡s ✐♥✲
❝❧✉❞❡ ❛♥ ❛ss✐st❛♥❝❡ t♦ ❜✉✐❧❞ t❤♦s❡ ❧❛st ❧✐♥❦s✱ ❛♥❞ ❛❧❧ ♦❢ t❤❡♠ ✇♦✉❧❞ ❜❡♥❡✜t ❢r♦♠
t❤❡ ❛♣♣r♦❛❝❤ ♣r♦♣♦s❡❞ ✐♥ t❤✐s ♣❛♣❡r✳
■♥ ❬✷✷❪✱ ❛ ❇②✲❉❡♠♦♥str❛t✐♦♥ ❛♣♣r♦❛❝❤ ✐s ♣r♦♣♦s❡❞ t♦ ❣❡♥❡r❛t❡ ♠♦❞❡❧ tr❛♥s✲
❢♦r♠❛t✐♦♥s✳ ■t ❝♦♥s✐sts ✐♥ ❜✉✐❧❞✐♥❣ st❡♣ ❜② st❡♣ ❡①❛♠♣❧❡s ♦❢ tr❛♥s❢♦r♠❛t✐♦♥s✱ ❢♦❧✲
❧♦✇✐♥❣ str♦♥❣ ♥❛♠✐♥❣ ❝♦♥str❛✐♥ts✳ ❚❤✉s ❡①❛♠♣❧❡s ❛r❡ ✐♥❝r❡♠❡♥t❛❧❧② ❜✉✐❧t✱ ❛♥❞
❜♦t❤ t❤❡ ✐♥❝r❡♠❡♥ts ❛♥❞ t❤❡ ♥❛♠✐♥❣ ❝♦♥str❛✐♥ts ❛❧❧♦✇ ❧✐♥❦s t♦ ❜❡ ❞❡❞✉❝❡❞ ❛♥❞
r✉❧❡s t♦ ❜❡ ✐♥❢❡rr❡❞✳
✻ ❈♦♥❝❧✉s✐♦♥
▼♦❞❡❧ tr❛♥s❢♦r♠❛t✐♦♥ ❜② ❡①❛♠♣❧❡ ✭▼❚❇❊✮ ✐s ❛ ♣r♦♠✐s✐♥❣ ❛♣♣r♦❛❝❤ t♦ ❡❛s❡ t❤❡
❞❡✈❡❧♦♣♠❡♥t ♦❢ ♠♦❞❡❧ tr❛♥s❢♦r♠❛t✐♦♥s✳ ❙❡✈❡r❛❧ ♣r♦♣♦s❛❧s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ t♦
♠❛❦❡ ▼❚❇❊ ❢❡❛s✐❜❧❡✳ ❚❤♦s❡ ❛♣♣r♦❛❝❤❡s t❛❦❡ ❛s ✐♥♣✉t ❡①❛♠♣❧❡s ♦❢ ❛ tr❛♥s❢♦r♠❛✲
t✐♦♥✱ t❤❛t ✐s✿ s♦✉r❝❡ ♠♦❞❡❧s✱ t❛r❣❡t ✭tr❛♥s❢♦r♠❡❞✮ ♠♦❞❡❧s✱ ❛♥❞ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥
❧✐♥❦s ❢r♦♠ s♦✉r❝❡ ♠♦❞❡❧ ❡❧❡♠❡♥ts t♦ t❛r❣❡t ♠♦❞❡❧ ❡❧❡♠❡♥ts✳ ❲❤✐❧❡ ❞❡s✐❣♥✐♥❣ t❤❡
s♦✉r❝❡ ❛♥❞ t❛r❣❡t ♠♦❞❡❧s ✐s ❛ s✐♠♣❧❡ ❛♥❞ ✈❛❧✉❛❜❧❡ t❛s❦ ✭t❤♦s❡ ♠♦❞❡❧s ❝❛♥ ❧❛t❡r
♦♥ ❜❡ ✉s❡❞ ❢♦r ❞♦❝✉♠❡♥t❛t✐♦♥ ♦r t❡st✐♥❣ ♣✉r♣♦s❡✮✱ ♠❛❦✐♥❣ ❡①♣❧✐❝✐t t❤❡ tr❛♥s✲
❢♦r♠❛t✐♦♥ ❧✐♥❦s ✐s ❛ t❡❞✐♦✉s ❛♥❞ ❡rr♦r✲♣r♦♥❡ t❛s❦✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ❞❡t❛✐❧❡❞ ❛♥
❛♣♣r♦❛❝❤ ❛♥❞ ❛ t♦♦❧ ✉s✐♥❣ t❡①t ❛♥❛❧②s✐s ❛♥❞ ❛❧✐❣♥♠❡♥t t❡❝❤♥✐q✉❡s t♦ ♣❛rt❧② ❣❡♥✲
❡r❛t❡ t❤♦s❡ ❧✐♥❦s✳ ❙✉❝❤ ❛ ♠❛♣♣✐♥❣ ❡♥❣✐♥❡ ♣r♦✈✐❞❡s ✈❛❧✉❛❜❧❡ ❤❡❧♣ t♦ t❤❡ ❡①♣❡rt ✐♥
❝❤❛r❣❡ ♦❢ ❞❡s✐❣♥✐♥❣ ❛♥ ❡①❛♠♣❧❡ ❢♦r ❛♥ ▼❚❇❊ ♣r♦❝❡ss✳ ■♥ ♦r❞❡r t♦ ✈❛❧✐❞❛t❡ t❤❡
♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤✱ ✇❡ ♣❡r❢♦r♠❡❞ ❡①♣❡r✐♠❡♥ts ♦♥ ❛ s❡t ♦❢ ♠♦❞❡❧ tr❛♥s❢♦r♠❛t✐♦♥s✱
❛♥❞ ❝♦♠♣❛r❡❞✱ ❜❛s❡❞ ♦♥ ♠❡tr✐❝s s✉❝❤ ❛s ♣r❡❝✐s✐♦♥ ❛♥❞ r❡❝❛❧❧✱ t❤❡ ♠❛t❝❤✐♥❣s ❣❡♥✲
❡r❛t❡❞ ❜② ♦✉r ♠❛t❝❤✐♥❣ t♦♦❧ t♦ r❡❢❡r❡♥❝❡ ✭♠❛♥✉❛❧❧② ❜✉✐❧t✮ ♠❛t❝❤✐♥❣s✳ ❚❤❡ r❡s✉❧ts
♦❜t❛✐♥❡❞ ❛r❡ ♣r♦♠✐s✐♥❣✿ ✇❡ ♦❜t❛✐♥ ✈❡r② ❣♦♦❞ ♣r❡❝✐s✐♦♥ r❡s✉❧ts ❛♥❞ ❢❛✐r❧② ❣♦♦❞
r❡❝❛❧❧ r❡s✉❧ts✳ ❚❤❡ ❡①♣❡r✐♠❡♥ts ❛❧s♦ s❤♦✇ t❤❛t t❤❡ ♣r♦♣❛❣❛t✐♦♥ st❡♣ ❝♦✉❧❞ ❜❡
♠♦r❡ ❡✣❝✐❡♥t ✭❧♦ss ♦❢ ♣r❡❝✐s✐♦♥✱ ❢♦r s♦♠❡t✐♠❡s ♥♦ ❣❛✐♥ ✐♥ r❡❝❛❧❧✮✱ ✇❤✐❧❡ t❤❡ st❡♣
♦❢ ❞✐s❝♦✈❡r② ♦❢ t❤❡ ❛♥❝❤♦rs ✐s s✉✣❝✐❡♥t❧② ❡✣❝✐❡♥t ✭♣r❡❝✐s✐♦♥ ♦❢ ✶✱ ❛♥❞ s✉✣❝✐❡♥t
r❡❝❛❧❧✮✳ ❋✉t✉r❡ ✇♦r❦ ✇✐❧❧ ❝♦♥s✐st ✐♥ ❡♥❤❛♥❝✐♥❣ t❤❡ ♣r♦♣❛❣❛t✐♦♥ st❡♣✱ ✜rst ✐♥t❡✲
❣r❛t✐♥❣ ✐♥ ✐t t❤❡ s✐♠✐❧❛r✐t② ♠❡tr✐❝s ❜❡t✇❡❡♥ t❤❡ ✈❛❧✉❡s ♦❢ ❡❧❡♠❡♥ts ❝♦♠♣✉t❡❞ ✐♥
t❤❡ ✜rst st❡♣✱ ❛♥❞ s❡❝♦♥❞❧② t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ❛ttr✐❜✉t❡s t❤❛t ❛r❡ ♥♦t ♦❢ ❙tr✐♥❣
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♠❛t✐♦♥ r✉❧❡s✿ ❆ss✐st✐♥❣ ♠♦❞❡❧ ❞r✐✈❡♥ ❡♥❣✐♥❡❡r✐♥❣ ❛♣♣r♦❛❝❤ ✇✐t❤ ❢♦r♠❛❧ ❝♦♥❝❡♣t
❛♥❛❧②s✐s✳ ■♥✿ ❙✉♣♣❧❡♠❡♥t❛r② Pr♦❝❡❡❞✐♥❣s ♦❢ ■❈❈❙✬✵✾✳ ✭✷✵✵✾✮ ✶✺✕✷✾
✼✳ ❑❡ss❡♥t✐♥✐✱ ▼✳✱ ❙❛❤r❛♦✉✐✱ ❍✳✱ ❇♦✉❦❛❞♦✉♠✱ ▼✳✿ ▼♦❞❡❧ ❚r❛♥s❢♦r♠❛t✐♦♥ ❛s ❛♥ ❖♣t✐✲
♠✐③❛t✐♦♥ Pr♦❜❧❡♠✳ ■♥✿ ▼❖❉❊▲❙✬✵✽✱ ▲◆❈❙ ✺✸✵✶✱ ❙♣r✐♥❣❡r ✭✷✵✵✽✮ ✶✺✾✕✶✼✸
✽✳ ❘❛❤♠✱ ❊✳✱ ❇❡r♥st❡✐♥✱ P✳❆✳✿ ❆ s✉r✈❡② ♦❢ ❛♣♣r♦❛❝❤❡s t♦ ❛✉t♦♠❛t✐❝ s❝❤❡♠❛ ♠❛t❝❤✐♥❣✳
❱▲❉❇ ❏✳ ✶✵✭✹✮ ✭✷✵✵✶✮ ✸✸✹✕✸✺✵
✾✳ ❙❤✈❛✐❦♦✱ P✳✱ ❊✉③❡♥❛t✱ ❏✳✿ ❆ s✉r✈❡② ♦❢ s❝❤❡♠❛✲❜❛s❡❞ ♠❛t❝❤✐♥❣ ❛♣♣r♦❛❝❤❡s✳ ■♥✿ ❏✳
❉❛t❛ ❙❡♠❛♥t✐❝s ■❱✱ ❱♦❧✉♠❡ ✸✼✸✵ ♦❢ ▲◆❈❙✳ ✭✷✵✵✺✮ ✶✹✻✕✶✼✶
✶✵✳ ◆♦②✱ ◆✳❋✳✱ ▼✉s❡♥✱ ▼✳❆✳✿ ❆♥❝❤♦r✲♣r♦♠♣t✿ ❯s✐♥❣ ♥♦♥✲❧♦❝❛❧ ❝♦♥t❡①t ❢♦r s❡♠❛♥t✐❝
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